cause prolonged release from GABAergic retinal amacrine cells. J Neurophysiol 110: 709 -719, 2013 . First published May 8, 2013 doi:10.1152 /jn.00913.2012 .-The timing of neurotransmitter release from neurons can be modulated by many presynaptic mechanisms. The retina uses synaptic ribbons to mediate slow graded glutamate release from bipolar cells that carry photoreceptor inputs. However, many inhibitory amacrine cells, which modulate bipolar cell output, spike and do not have ribbons for graded release. Despite this, slow glutamate release from bipolar cells is modulated by slow GABAergic inputs that shorten the output of bipolar cells, changing the timing of visual signaling. The time course of light-evoked inhibition is slow due to a combination of receptor properties and prolonged neurotransmitter release. However, the light-evoked release of GABA requires activation of neurons upstream from the amacrine cells, so it is possible that prolonged release is due to slow amacrine cell activation, rather than slow inherent release properties of the amacrine cells. To test this idea, we directly activated primarily action potential-dependent amacrine cell inputs to bipolar cells with electrical stimulation. We found that the decay of GABA C receptor-mediated electrically evoked inhibitory currents was significantly longer than would be predicted by GABA C receptor kinetics, and GABA release, estimated by deconvolution analysis, was inherently slow. Release became more transient after increasing slow Ca 2ϩ buffering or blocking prolonged L-type Ca 2ϩ channels and Ca 2ϩ release from intracellular stores. Our results suggest that GABAergic amacrine cells have a prolonged buildup of Ca 2ϩ in their terminals that causes slow, asynchronous release. This could be a mechanism of matching the time course of amacrine cell inhibition to bipolar cell glutamate release. inhibition; retina; GABA C receptor; patch clamp; neurotransmitter release RETINAL BIPOLAR CELLS (BCs) are slow-potential, nonspiking neurons that release glutamate through a synaptic ribbon specialized to mediate prolonged neurotransmitter release. However, inhibitory amacrine cells (ACs) that modulate BC output are often spiking neurons (Bloomfield 1992; Taylor 1999) . Spiking in ACs is important for enhancing inhibition, since blocking spiking with tetrodotoxin (TTX) significantly decreases the inhibitory surround of retinal neurons (Taylor 1999; Volgyi et al. 2002) . However, at most central synapses spikemediated neurotransmitter release is primarily synchronous, tightly coupled in time to the presynaptic stimulus, and dependent on brief, large Ca 2ϩ increases near the site of vesicle release (Geppert et al. 1994; Kochubey and Schneggenburger 2011; Nishiki and Augustine 2004) . If release from ACs was equally fast, we would expect inhibition to have little effect on the slow glutamate release from BCs.
In fact, many studies have found that inhibitory input from ACs makes the output of BCs more transient (Dong and Werblin 1998; Eggers and Lukasiewicz 2006b; Sagdullaev et al. 2006) , suggesting AC input is slow enough to modify slow BC output. In agreement with this, previous experiments have shown that light-evoked neurotransmitter release from ACs is prolonged, lasting several hundred milliseconds past a single brief light stimulus (Eggers and Lukasiewicz 2006b; Eggers et al. 2007 ). However, because light-evoked release from ACs also requires activation of and glutamate release from photoreceptors and BCs upstream of the ACs, any point in this pathway could cause the observed prolonged release. A few prior studies have directly observed prolonged GABA release from ACs onto GABA A receptors (R) on other ACs. GABA release between pairs of cultured chick ACs could be prolonged by slow Ca 2ϩ signals, but only by a stimulus that was Ͼ50 ms (Borges et al. 1995; Gleason et al. 1994 Gleason et al. , 1993 , suggesting that long depolarization of Ca 2ϩ channels was necessary to achieve this prolonged release. Prolonged release of GABA was also observed between pairs of starburst ACs (Zheng et al. 2004) , although again this was in response to a prolonged presynaptic AC stimulus (200 -500 ms) and stimuli of shorter duration were not tested.
These results suggest that release from ACs could be a different type of release: inherently slow asynchronous release that depends on prolonged Ca 2ϩ signals that may be farther from the sites of release (Cummings et al. 1996; Lu and Trussell 2000; Otsu et al. 2004 ) and uses distinct presynaptic mechanisms (Pang and Sudhof 2010) . Although at some synapses prolonged asynchronous release becomes prevalent after multiple presynaptic stimuli (Awatramani et al. 2005; Cummings et al. 1996; Hefft and Jonas 2005; Kirischuk and Grantyn 2003; Lu and Trussell 2000; Otsu et al. 2004) of GABA C R light-evoked currents is influenced both by the slow kinetics of GABA C Rs (Chang and Weiss 1999; Eggers and Lukasiewicz 2006b; Palmer 2006) and by the slow GABA release from GABAergic ACs (Eggers and Lukasiewicz 2006b) . The GABA C R presents an ideal target to study the kinetics of neurotransmitter release, in contrast to the previous investigations of GABA release from ACs onto GABA A Rs (Borges et al. 1995; Gleason et al. 1993 Gleason et al. , 1994 . The GABA C R, unlike the GABA A R (MacDonald and Twyman 1992), does not desensitize in response to prolonged GABA activation (Chang and Weiss 1999) , so GABA C R-mediated currents should more accurately reflect the time course of GABA release. To test if AC release could be inherently slow, asynchronous release, we activated AC release directly and briefly by placing a stimulating electrode in the layer where AC processes are. In this study, we have found a unique example: the GABAergic retinal AC that uses prolonged GABA release as its primary mechanism of neurotransmitter release.
MATERIALS AND METHODS
Preparation of retinal slices. Animal protocols were approved by the University of Arizona Institutional Animal Care and Use Committee. As described previously (Eggers and Lukasiewicz 2006a) , C57BL/6J mice (Jackson Laboratories, Bar Harbor, ME), ages 35-60 days, were euthanized using carbon dioxide, and the eyes were enucleated. The cornea and lens were removed, and the eyecup was incubated in cold extracellular solution (see Solutions and drugs) containing 800 U/ml hyaluronidase for 20 min. The retina was removed from the eyecup, trimmed approximately square, and mounted onto 0.45-m nitrocellulose filter paper (Millipore, Billerica, MA). The filter paper was sliced into 250-m-thick slices and mounted onto vacuum grease on glass coverslips after rotating 90°. All experiments were done in light-adapted conditions.
Solutions and drugs. Extracellular solution used as a control bath and for dissection contained (in mM) 125 NaCl, 2.5 KCl, 1 Mg 2 Cl, 1.25 NaH 2 PO 4 , 20 glucose, 26 NaHCO 3 , and 2 CaCl 2 and was bubbled with a mixture of 95%-5% O 2 -CO 2 . The intracellular solution in the recording pipette contained (in mM) 120 CsOH, 120 gluconic acid, 1 MgCl 2 , 10 HEPES, 10 EGTA, 10 tetraethylammonium (TEA)-Cl, 10 phosphocreatine-Na 2 , 4 Mg-ATP, 0.5 Na-GTP, and 50 M Alexa Fluor 488 (Invitrogen, Carlsbad, CA) and was adjusted to pH 7.2 with CsOH.
To isolate receptor types, 500 nM-1 M strychnine was used to block glycine receptors, 20 M SR95531 was used to block GABA A Rs, and 50 M (1,2,5,6-tetrahydropyridin-4-yl)methylphosphinic acid hydrate (TPMPA) was used to block GABA C Rs. 6-Cyano-7-nitroquinoxaline-2,3-dione (CNQX; 20 M) was used to block AMPA/kainate receptors. TTX (500 nM; Alomone Labs, Jerusalem, Israel) was used to block voltage-gated Na ϩ channels. To block Ca 2ϩ channels, 10 M nifedipine was used to block L-type Ca 2ϩ channels, 20 nM -conotoxin GVIA (Alomone Labs) was used to block N-type Ca 2ϩ channels, and 100 M CdCl was used to blocked all voltagegated Ca 2ϩ channels. To block Ca 2ϩ -induced Ca 2ϩ release (CICR), 50 M ryanodine (Santa Cruz Biotechnology, Santa Cruz, CA) was used. To increase intracellular Ca 2ϩ buffering, 50 M BAPTA-AM (Invitrogen) and 50 M EGTA-AM (Invitrogen) were used. Antagonists were applied to the slice by a gravity-driven superfusion system (Cell Microcontrols, Norfolk, VA) at a rate of ϳ1 ml/min. Unless otherwise indicated, all chemicals were purchased from Sigma-Aldrich (St. Louis, MO).
Electrically stimulated recordings. Glass coverslips containing retinal slices were placed in a custom chamber. The preparation was heated to 32°by temperature-controlled thin-stage and in-line heaters (Cell Microcontrols). Whole cell patch recordings were made from RBCs from retinal slices as described previously (Eggers and Lukasiewicz 2006b ). RBCs were clamped at 0 mV, the reversal potential for currents mediated by nonselective cation channels. Electrodes with resistances of 5-7 M⍀ were pulled from borosilicate glass (World Precision Instruments, Sarasota, FL) using a P97 Flaming/Brown puller (Sutter Instruments, Novato, CA). Liquid junction potentials of 20 mV were corrected at the beginning of each recording. RBCs were identified and axon terminals located by briefly exciting the dye contained in the intracellular solution using a fluorescence microscope.
Electrically evoked inhibitory postsynaptic currents (eIPSCs) were recorded from RBCs. Responses were filtered using a 5-kHz 4-pole low-pass Bessel filter on an Axopatch 200B patch-clamp amplifier (Molecular Devices, Sunnyvale, CA) and digitized at 10 kHz with a Digidata 1140A data acquisition system (Molecular Devices) and Clampex software (Molecular Devices).
The stimulating pipette, containing extracellular solution, was placed in the region of the RBC axon terminals in the inner plexiform layer (IPL), and a 1-ms, 4-to 20-A stimulus was applied by an S48 stimulator (Grass, Warwick, RI) with an attached PSIU6 photoelectric isolation unit (Grass). The stimulating interval was 60 s. RBC morphology (Ghosh et al. 2004 ) was confirmed at the end of the recording with the use of an Intensilight fluorescence lamp and Digitalsight camera operated with Elements software (Nikon Instruments, Tokyo, Japan). Because the eIPSC amplitude was very sensitive to variations in the stimulus intensity and had the potential to run down if the stimulus was too high, for each BC we used a stimulus level that gave us a moderate amount of current and was a repeatable response.
Data analysis and statistics. eIPSC traces from a given response condition were averaged using Clampfit (Molecular Devices), and the charge transfer (Q), peak amplitude, time to peak, and decay to 37% of the peak (D37) were measured in each condition. To calculate the release time course underlying eIPSCs, averaged traces of control GABA C R-mediated and drug application conditions were analyzed in custom Matlab software.
Release functions were calculated by convolution analysis (Diamond and Jahr 1995) using the relationship eIPSC(t) ϭ release(t) sIPSC(t)
( 1) such that
where sIPSC(t) is the average spontaneous GABA C R-mediated IPSC and F and F Ϫ1 represent the Fourier transform and inverse Fourier transform of the function, respectively. Briefly, software data processing occurred as follows: data were downsampled from 10 to 1 kHz and smoothed using a moving average filter (20 points). The software calculated vesicle release from current-time curves by performing deconvolution of the average RBC GABA C R-mediated current evoked by a single vesicle release [sIPSC(t)], from a previous study (Eggers and Lukasiewicz 2006b) . The deconvolution was performed by dividing the fast Fourier transform (FFT) of the single vesicle release into the FFT of the electrically evoked response [eIPSC(t)] and again smoothed similarly to the initial current trace. The resulting release traces were further analyzed in Clampfit, similarly to the eIPSCs. Paired Student's t-tests were used to compare values between conditions for the same cell. For each cell, a normalized data value of the percentage of total GABA C R-mediated eIPSC that remained after the drug treatment was calculated. Regular Student's t-tests were used to compare these values across two groups of cells. For comparisons of three or more groups of cells, these values were compared across drug conditions with analysis of variance (ANOVA) tests, using the Student-Newman-Keuls (SNK) method to test the pairwise comparisons post hoc. Differences were considered significant when P Յ 0.05. All data are means Ϯ SE.
RESULTS

GABA release from ACs is prolonged after a brief stimulus.
Estimates of release underlying light-evoked inhibitory postsynaptic currents (L-IPSCs) from RBCs showed that GABA release was prolonged relative to a brief (30 ms) light stimulus (Eggers and Lukasiewicz 2006b) . However, the timing of L-IPSCs can be affected at many points in the retinal circuitry: the activation of photoreceptors, glutamate release from photoreceptors, BC activation, glutamate release from BCs, activation of ACs, and GABA release from ACs. To determine if GABA release from GABAergic ACs is inherently prolonged and asynchronous, we isolated the input from GABAergic ACs onto GABA C Rs on RBCs with a brief electrical stimulus in the IPL, where AC processes lie.
In response to a 1-ms electrical stimulus, the GABA C Rmediated eIPSC onto RBCs was quite prolonged (Fig. 1A) . The response to this stimulus for isolated GABA C R eIPSCs was not significantly decreased by blocking glutamate receptors with CNQX (98.0 Ϯ 7.7%, P ϭ 0.8), showing that this stimulus isolated the AC input to RBCs. Although the kinetics of GABA C Rs are slow (Chang and Weiss 1999) , the slow time course of the eIPSCs measured here is likely due to slow GABA release, since the eIPSC D37 is much longer than the decay of GABA C R-mediated spontaneous currents (34.1 Ϯ 2.1 ms) that reflect receptor kinetics (Eggers and Lukasiewicz 2006b; Palmer 2006) .
To estimate the time course of GABA release onto GABA C Rs that underlies the eIPSC, we used deconvolution analysis (Diamond and Jahr 1995; Eggers and Lukasiewicz 2006b ) of eIPSCs from individual RBCs combined with the average spontaneous GABA C R-mediated current from mouse RBCs (Eggers and Lukasiewicz 2006b) . The deconvolution of eIPSCs with the sIPSC showed that GABA release onto RBC GABA C Rs is prolonged (Fig. 1B) . We found that an average of 146.9 Ϯ 20.0 vesicles of neurotransmitter were released by our electrical stimulus, and the release decreased with a D37 of 877 Ϯ 111 ms, significantly prolonged past the initial stimulus. From anatomic studies, RBCs have an average of 48 -60 GABA C R containing synapses on their axon terminals (Chun et al. 1993; Fletcher et al. 1998) . Our stimulus pipette likely did not activate all synapses onto RBCs because of its small size (ϳ2 m) and might have activated release onto only one lobule of the RBC axon terminal (ϳ16 -20 synapses per lobule) (Chun et al. 1993; Fletcher et al. 1998 ). Our estimate is that our stimulus evoked three to nine vesicles per release site. GABA release had a much faster time to peak than the GABA C Rmediated eIPSC (Fig. 1C) , which was expected since the release must come before the evoked current and GABA C Rs show significant cooperativity (Chang and Weiss 1999) . Of the average 146.9 Ϯ 20.1 vesicles released during a stimulus, an average of 1.8 Ϯ 0.2 vesicles were released during the first 10 ms after the stimulus (3.3 Ϯ 0.8%, n ϭ 39). This suggests that the remaining 96.7% of the vesicles are released asynchronously from the neurotransmitter release site. This is also suggested by our estimate of multiple vesicles released per release site onto the RBCs.
RBCs receive feedback inhibitory input from the GABAergic A17 AC, which is exclusively activated by RBCs (Hartveit 1999; Nelson and Kolb 1985) , as well as other GABAergic and glycinergic ACs (Kim et al. 1998; Strettoi et al. 1990 ) that are with an electrical stimulating pipette in the inner plexiform layer (stimulus artifact has been removed). The eIPSC was significantly prolonged past the initial stimulus (1 ms, dark gray bar). B: the release underlying the eIPSC was estimated with the deconvolution of an average GABA C R spontaneous IPSC (sIPSC) from RBCs. The release was significantly prolonged past the initial stimulus (decay to 37% of peak, D37 ϭ 877 Ϯ 111 ms). The average charge transfer (Q) of the GABA C R eIPSCs was 75,873 Ϯ 11,247 pA·ms, which evoked an average of 146.9 Ϯ 20.0 vesicles of neurotransmitter. C: the release waveform had a significantly shorter time to peak than the eIPSC. The release began very soon after the initial stimulus, suggesting some coordinated release from the AC. D: eIPSCs depend on action potential generation in presynaptic ACs, since they are significantly blocked by tetrodotoxin (TTX; 500 nM), with only 12.5 Ϯ 5.4% (n ϭ 5) of the eIPSC Q remaining.
activated by cone BCs. A unique aspect in the activation of these ACs is that A17 ACs depend primarily on Ca 2ϩ entry through Ca 2ϩ -permeable AMPARs instead of voltage-gated Ca 2ϩ channels (Chavez et al. 2006; Grimes et al. 2009 ) to release GABA back onto RBCs and do not generate action potentials Hartveit 1999; Menger and Wässle 2000; Nelson and Kolb 1985) . In contrast, the majority of the non-A17 AC-mediated inhibition to RBCs, in response to a glutamate puff, is mediated by action potential-generating ACs (Chavez et al. 2010) .
A previous study suggested that inhibition to salamander BCs in response to electrical stimulation in the OPL (outer plexiform layer between photoreceptors and bipolar cells) depends primarily on the generation of action potentials in ACs and so may exclude the activation of ACs that do not have spikes (Shields and Lukasiewicz 2003) . To determine if this was the case with our IPL stimulation in mammalian retinas, we recorded GABA C R eIPSCs and applied TTX (500 nM) to block action potentials (Fig. 1D ). When action potentials were blocked, very little of the GABA C R eIPSC remained (12.5 Ϯ 5.4%, n ϭ 5, P Ͻ 0.001), suggesting that our electrical stimuli are primarily activating AC inputs that depend on action potential generation. This enables us to use electrical stimulation to investigate likely non-A17 AC input to RBCs (Chavez et al. 2010) , which cannot easily be targeted through paired recordings, since the presynaptic AC identities are unknown. This electrical stimulation enables us to isolate action potential-dependent GABAergic AC inputs to RBCs. This is a situation where mechanisms of prolonged release may be especially important, since action potential-dependent release is generally very transient.
A prolonged Ca 2ϩ signal causes prolonged GABA release. This slow GABA release suggests that ACs are releasing GABA-containing vesicles primarily asynchronously. In studies in other brain systems (Cummings et al. 1996; Lu and Trussell 2000; Otsu et al. 2004 buffering with EGTA-AM, a membrane-permeable analog of EGTA. Since EGTA is a slow buffer of Ca 2ϩ , EGTA-AM should not affect synchronous release where the Ca 2ϩ channels are close to the release sites of neurotransmitter, but it will decrease a global Ca 2ϩ buildup that is responsible for slow asynchronous release. We used a relatively low concentration of EGTA-AM (50 M) and had 10 mM EGTA in the intracellular recording solution, so EGTA-AM should only have affected the presynaptic terminals. We found that EGTA-AM significantly decreased the charge transfer Q (Fig. 2 , A and C; Table 1), D37 ( Fig. 2D ; Table 1), and peak of eIPSCs (Table 1) . There was no change in the time to peak (P ϭ 0.8), suggesting that increasing slow Ca 2ϩ buffering does not speed the time course of release from ACs. This implies that global Ca 2ϩ buildup is responsible for the slow release from ACs.
We also tested the effects of BAPTA-AM, which causes the faster Ca 2ϩ buffer BAPTA to go into the presynaptic AC terminals. BAPTA-AM decreases synchronous and asynchronous types of release (Cummings et al. 1996; Lu and Trussell 2000; Otsu et al. 2004 ) because it can act quickly and thus prevent Ca 2ϩ channels local to release sites from triggering release. BAPTA-AM also caused a significant decrease in Q (Fig. 2 , B and C; Table 1), D37 ( Fig. 2D ; Table 1), and peak (Table 1) . However, the decreases in Q (Fig. 2C , EGTA vs. BAPTA; t-test, P ϭ 0.8), D37 ( Fig. 2D ; P ϭ 0.3), and peak (P ϭ 0.7) between EGTA-AM and BAPTA-AM are very similar. This suggests that ACs are primarily releasing GABA due to a large global increase in Ca 2ϩ concentration. In agreement with this, BAPTA-AM caused no significant change in time to peak (P ϭ 0.6), suggesting that there is not a large component of synchronous release that can be removed by increased Ca 2ϩ buffering. This agrees with previous studies recording from cultured chick ACs that found prolonging the presynaptic Ca 2ϩ signal could induce prolonged GABA release (Gleason et al. 1994) .
To investigate this further, we used deconvolution analysis to estimate the GABA release underlying the response to EGTA-AM and BAPTA-AM. Both EGTA-AM (Fig. 3A) and BAPTA-AM (Fig. 3B ) significantly decreased the total number of vesicles released, measured as the area under the curve ( Fig.  3C ; Table 2 ). EGTA-AM and BAPTA-AM also decreased D37 ( Fig. 3D; Table 2 ), which represents how long GABA is present through vesicle release and diffusion, and the peak of vesicle release (Table 2) , which is the maximum number of vesicles released. There was no significant difference in the decrease in either Q, D37, or peak between EGTA-AM and BAPTA-AM (Q, P ϭ 0.3; D37, P ϭ 0.3; peak, P ϭ 0.7).
Neither EGTA-AM nor BAPTA-AM caused a significant change in the time to peak of release (EGTA-AM, P ϭ 0.9; BAPTA-AM, P ϭ 0.3). . This eliminated the GABA C R-mediated eIPSC ( Fig. 4A ; Table 1 ). Since the response was eliminated, no peak or D37 could be measured after application of Cd 2ϩ . This suggests that all the GABA current we observe is due to the activation of voltage-gated Ca 2ϩ channels. A previous report (Chavez et al. 2006) showed that the majority of GABA release from A17 ACs, a major GABAergic input to RBCs, was triggered by Ca 2ϩ movement through Ca 2ϩ -permeable AMPARs, not voltage-gated Ca 2ϩ channels. Given that Cd 2ϩ blocks our entire eIPSC, this is another piece of evidence that we are directly activating AC processes and not presynaptic BC terminals.
We then wanted to test specific types of Ca 2ϩ channels to determine if this global Ca 2ϩ buildup is due to prolonged Ca 2ϩ channel activation. We first tested L-type Ca 2ϩ channels, because they have prolonged open times with little desensitization that could lead to a prolonged Ca 2ϩ signal, as was seen previously in pairs of cultured chick ACs (Gleason et al. 1994) . We recorded GABA C R-mediated eIPSCs from RBCs and blocked L-type Ca 2ϩ channels with nifedipine (Fig. 4B) . Nifedipine significantly reduced Q, D37, and peak of GABA C Rmediated eIPSCs (Fig. 4 , D and E; Table 1 ) with no change in time to peak (P ϭ 0.7). This suggests that L-type Ca 2ϩ channels are mediating at least part of the prolonged Ca 2ϩ signal.
In contrast, blocking fast N-type Ca 2ϩ channels with -conotoxin (Fig. 4C ) caused a small decrease in Q and peak ( Fig. 4D ; Table 1 ) but no change in D37 ( Fig. 4E ; P ϭ 0.8) or time to peak (P ϭ 0.7). The addition of nifedipine to the Data are average values of charge transfer (Q), decay to 37% of peak (D37), and peak amplitude for GABA C receptor (GABA C R)-mediated evoked inhibitory postsynaptic currents (eIPSCs), normalized to GABA C R eIPSC control. *P Ͻ 0.05; †P Ͻ 0.01; ‡P Ͻ 0.001 compared with control. Fig. 2, A and B, respectively. C: both EGTA-AM and BAPTA-AM significantly decreased the total number of vesicles released (EGTA-AM, n ϭ 7, P Ͻ 0.05; BAPTA-AM, n ϭ 11, P Ͻ 0.001) by similar amounts (EGTA-AM vs. BAPTA-AM: NS, t-test, P ϭ 0.3). D: both EGTA-AM and BAPTA-AM also significantly decreased D37 (EGTA-AM, P Ͻ 0.05; BAPTA-AM, P Ͻ 0.05) by similar amounts (EGTA-AM vs. BAPTA-AM: NS, ttest, P ϭ 0.3). Values in C and D are normalized to the release onto GABA C Rs for each cell. *P Ͻ 0.05; **P Ͻ 0.001.
-conotoxin caused an additional significant decrease in Q, peak, and D37 (Fig. 4 , D and E; Table 1) but not in time to peak (P ϭ 0.12), leaving a Q that was not significantly different from that with Cd 2ϩ [ANOVA Q, P Ͻ 0.001; SNK post hoc: Cd 2ϩ vs. -conotoxin ϩ nifedipine, not significant (NS), P ϭ 0.37]. The decrease in D37 due to nifedipine (alone or applied after -conotoxin) was significantly different from the effect on D37 due to -conotoxin alone (ANOVA, P Ͻ 0.05; SNK post hoc: nifedipine vs. -conotoxin, P Ͻ 0.05; nifedipine ϩ -conotoxin vs. -conotoxin, P Ͻ 0.05). This suggests that although the fast N-type Ca 2ϩ channels mediate a portion of the Ca 2ϩ signal in ACs, they do not contribute to the prolonged Ca 2ϩ signal, as expected from their kinetics. A previous study analyzing the role of voltage-gated Ca 2ϩ channels in glutamate-evoked GABA release also showed that L-type and N-type Ca 2ϩ channels played the largest roles in GABA release (Chavez et al. 2006 ), although they did not test the relative roles of the channels on the kinetics of the GABA response.
L-type and N-type Ca 2ϩ channels also had significantly different effects on GABA release, as analyzed by deconvolution. Nifedipine, -conotoxin, and the combination of the two significantly decreased the total number of vesicles released ( Fig. 5; Table 2 ) and the peak number of vesicles released (Table 2) . However, nifedipine and -conotoxin ϩ nifedipine caused a significant decrease in D37 (Table 2 ; Fig. 5D ), whereas -conotoxin alone did not (P ϭ 0.6), and the D37 decrease due to nifedipine was significantly different from that due to -conotoxin (ANOVA, P Ͻ 0.008; SNK post hoc: nifedipine vs. -conotoxin, P Ͻ 0.05; -conotoxin ϩ nifedipine vs. -conotoxin, P Ͻ 0.05). None of the treatments caused a significant change in time to peak (nifedipine, P ϭ 0.3; -conotoxin, P ϭ 0.5; -conotoxin ϩ nifedipine, P ϭ 0. Data are average values for Q, D37, and peak amplitude for release from deconvolution of GABA C R-mediated eIPSCs, normalized to release from GABA C R eIPSC control. *P Ͻ 0.05; †P Ͻ 0.01; ‡P Ͻ 0.001 compared with control. . L-type and N-type Ca 2ϩ channels contribute to RBC GABA C R eIPSCs. A: blocking voltage-gated Ca 2ϩ channels with Cd 2ϩ (100 M) eliminated the GABA C R eIPSC (Q, n ϭ 6, P Ͻ 0.001). B: blocking L-type Ca 2ϩ channels with nifedipine (Nif; 10 M) significantly reduced the Q of GABA C R eIPSCs (n ϭ 10, P Ͻ 0.001) and moderately decreased the D37 (P Ͻ 0.05). C: blocking N-type Ca 2ϩ channels with -conotoxin (Ctx; 20 nM) caused a small decrease in Q (n ϭ 5, P Ͻ 0.05) but no change in D37 (NS, P ϭ 0.8). The addition of nifedipine to the -conotoxin (NifϩCtx) caused an additional significant decrease in both Q (n ϭ 4, P Ͻ 0.001) and D37 (P Ͻ 0.01). D: although all drug conditions significantly decreased Q (P Ͻ 0.05), there were significant differences between the drug conditions [ANOVA, P Ͻ 0.001, Student-Newman-Keuls (SNK) post hoc]. Blocking all Ca 2ϩ channels with Cd 2ϩ caused a larger decrease in Q than either Nif (P Ͻ 0.005) or Ctx (P Ͻ 0.001), but there was no difference between Cd 2ϩ and CtxϩNif (NS, P ϭ 0.37), suggesting that the eIPSCs were primarily mediated by L-type and N-type Ca 2ϩ channels. The combination of CtxϩNif caused a larger decrease in Q then either Nif (P Ͻ 0.05) or Ctx (P Ͻ 0.001) alone. E: there were also significant differences between the drug conditions in effects on D37 (ANOVA, P Ͻ 0.05, SNK post hoc). Nif (P Ͻ 0.05) and CtxϩNif (P Ͻ 0.05) caused a significantly larger D37 decrease than Ctx alone, but there was no difference between the 2 nifedipine conditions (NS, P ϭ 0.1). *P Ͻ 0.05; †P Ͻ 0.01; **P Ͻ 0.001. the prolonged Ca 2ϩ signal, GABA release after L-type Ca 2ϩ channels are blocked is still prolonged relative to the initial stimulus ( Fig. 5A ; D37 ϭ 565.5 Ϯ 203.5 ms). To determine what else could be mediating this slow Ca 2ϩ signal, we tested the role of CICR by blocking ryanodine receptors with a high concentration of ryanodine (Fig. 6A ). This caused a significant decrease in Q ( Fig. 6C ; Table 1), D37 ( Fig. 6D ; Table 1), and peak (Table 1 ). The change in Q differed among Ca 2ϩ manipulations (ANOVA, P Ͻ 0.05; SNK post hoc). Ryanodine caused a similar amount of decrease in Q as increasing Ca 2ϩ buffering with EGTA-AM (NS, P ϭ 0.7) and blocking L-type Ca 2ϩ channels with nifedipine (NS, P ϭ 0.7) but a significantly greater decrease in Q than blocking N-type Ca 2ϩ channels with -conotoxin (P Ͻ 0.05). The change in D37 also differed among Ca 2ϩ manipulations (ANOVA, P Ͻ 0.001; SNK post hoc). Ryanodine caused a significantly greater decrease in D37 than nifedipine (P Ͻ 0.01) or -conotoxin (P Ͻ 0.001) but a decrease similar to that caused by EGTA-AM (NS, P ϭ 0.1).
Nifedipine and ryanodine applied together (Fig. 6B) , to block both slow Ca 2ϩ influx and CICR, caused an even greater decrease in Q (Fig. 6C) and D37 (Fig. 6D ). This suggests that the Ca 2ϩ signal that causes slow GABA C R-mediated eIPSCs is prolonged by Ca 2ϩ release from intracellular stores, in agreement with previous reports that tested the magnitude, but not the kinetics, of GABA release (Chavez et al. 2006 (Chavez et al. , 2010 Medler and Gleason 2002; Sen et al. 2007 ).
Blocking CICR also limited the release of GABA from ACs, as analyzed by deconvolution (Fig. 7A) . Blocking ryanodine receptors decreased the amount of GABA release ( Fig. 7C ; Table 2), the peak of GABA release (Table 2) Fig. 4 , A and B, respectively. Nif (n ϭ 10, P Ͻ 0.001), Ctx (n ϭ 5, P Ͻ 0.05, and CtxϩNif (n ϭ 4, P Ͻ 0.001) significantly decreased the total number of vesicles released. C: there were significant differences between the drug conditions (ANOVA, P Ͻ 0.001, SNK post hoc), since both Nif (P Ͻ 0.01) and Ctx (P Ͻ 0.001) caused a significantly greater decrease in the number of vesicles released than Ctx alone. D: Nif (P Ͻ 0.01) and CtxϩNif (P Ͻ 0.05) caused significant decreases in D37, whereas Ctx did not (P ϭ 0.6). There were significant differences between the drug conditions (ANOVA, P Ͻ 0.008, SNK post hoc), since both Nif (P Ͻ 0.05) and CtxϩNif (P Ͻ 0.05) caused a significantly greater decrease in D37 than Ctx alone. *P Ͻ 0.05; †P Ͻ 0.01; **P Ͻ 0.001. release from intracellular stores with ryanodine (Ry; 50 M) to block Ry receptors significantly decreased Q (n ϭ 6, P Ͻ 0.001) and D37 (P Ͻ 0.001) of GABA C R eIPSCs. B: blocking both L-type Ca 2ϩ channels with Nif and Ca 2ϩ release from intracellular stores caused an even greater decrease in Q (n ϭ 3, P Ͻ 0.01) and D37 (P Ͻ 0.01) of GABA C R eIPSCs. C: adding both Nif and Ry caused a significantly greater decrease in Q than Ry alone (P Ͻ 0.05). D: the combination of NifϩRy also caused a more significant decrease in D37 than Ry alone (P Ͻ 0.01). *P Ͻ 0.05; †P Ͻ 0.01; **P Ͻ 0.001.
GABA release ( Fig. 7D ; Table 2 ) without a change in time to peak (P ϭ 0.15). The change in the D37 of GABA release due to -conotoxin was significantly different (ANOVA P Ͻ 0.01, SNK) from that due to EGTA (P Ͻ 0.05), nifedipine (P Ͻ 0.05), and ryanodine (P Ͻ 0.01). Blocking both ryanodine receptors and L-type Ca 2ϩ channels (Fig. 7B ) caused a further decrease in the amount and decay of release. After both ryanodine receptors and L-type Ca 2ϩ channels were blocked, the D37 of GABA C R eIPSCs was only 110.0 Ϯ 49.8 ms, a relatively synchronous time course of release. Together these results suggest that prolonged Ca 2ϩ entry through L-type Ca 2ϩ channels triggers CICR in GABAergic ACs. The combination of these two events produces the prolonged Ca 2ϩ signal and prolonged GABA release onto RBCs.
DISCUSSION
We have shown that GABA release from ACs onto RBCs is inherently slow, due to a prolonged Ca 2ϩ buildup in the presynaptic AC terminal. Slow L-type Ca 2ϩ channels and Ca 2ϩ release from intracellular stores contribute to this Ca 2ϩ buildup and play a large role in creating the slow time course. ACs show prolonged, asynchronous release after an initial brief stimulus, which has not been previously seen in neurons. Retinal ACs may be unique interneurons that use the slow timing of neurotransmitter release as a way to match the timing of action potential-mediated neurotransmitter release from ACs to the slow potential synaptic ribbon release in BCs. Asynchronous release also presents a type of release that can be easily modulated by both the amplitude and the time course of Ca 2ϩ signaling in the presynaptic terminal. This creates an additional potential avenue of differentiation of inhibition between signaling pathways in the retina.
Comparison with light stimuli. Although we cannot record directly from the unidentified non-A17 presynaptic ACs that release GABA onto the RBCs, previous retina recordings suggest that our brief (1 ms) electrical stimulation does cause a brief depolarization in the retina. Brief electrical stimulation in the OPL (1 ms) produces brief BC depolarization (Higgs and Lukasiewicz 1999) . Direct recordings from unidentified GABAergic ACs and starburst ACs have shown that a brief direct depolarization of ACs is likely to produce only one spike and a brief depolarization (Cohen 2001; Gleason et al. 1993 ). Also, a brief (10 ms) electrical stimulus in the ganglion cell (GC) layer evokes only one spike in recorded GCs (Margalit et al. 2011) .
In a previous study L-IPSCs had an average D37 of 472.4 Ϯ 82.7 ms, with average peak amplitude of 10.4 Ϯ 1.4 pA (Eggers and Lukasiewicz 2006b ). However, it should be noted that the D37 of GABA C R L-IPSCs increased with increasing light stimulus intensity, potentially due to spillover between GABAergic synapses, so this does not represent the maximum D37 for GABA C R-mediated L-IPSCs. The eIPSCs we measured in the present study had larger response amplitudes (37.6 Ϯ 5.2 pA) and a more prolonged D37 (1,349 Ϯ 112 ms; Fig. 1B ). This is likely due to the activation of more inputs with our focal stimulus than would normally be active during the light stimuli tested previously. Also, L-IPSCs are limited by network inhibition, but electrically evoked responses are not (Eggers and Lukasiewicz 2006a; , since we are stimulating near the recorded RBC. These results show that prolonged GABA C R-mediated IPSCs are present when the GABA input to RBCs is isolated. This suggests that upstream pathways influencing light-evoked GABAergic input to RBCs are not determining the time course of GABA C R-mediated IPSCs.
Mechanisms of slow GABA release. Our present results suggest that retinal ACs use primarily slow, asynchronous release, since EGTA-AM and BAPTA-AM have the same effects on GABA C R-mediated eIPSCs. Synapses in other systems have shown varying proportions of asynchronous vs. synchronous release (Awatramani et al. 2005; Hefft and Jonas 2005; Lu and Trussell 2000) , but a synapse that uses primarily asynchronous release after one stimulus has not been shown. However, a recent study showed neurons in the inferior olive that have primarily asynchronous release after multiple stimuli, but little synchronous release (Best and Regehr 2009). This synapse could have similar mechanisms to the GABAergic A: the GABA release time course, analyzed from the traces in Fig. 6A , showed a decrease in the GABA release after application of Ry. B: GABA release was also decreased with the addition of NifϩRy. C: blocking Ca 2ϩ release from intracellular stores with ryanodine significantly decreased the number of vesicles released onto GABA C Rs (n ϭ 6, P Ͻ 0.01). NifϩRy significantly decreased the number of vesicles released onto GABA C Rs (n ϭ 6, P Ͻ 0.01), more than Ry alone (P Ͻ 0.05). D: Ry also caused a significant decrease in the D37 of GABA release (P Ͻ 0.001), and NifϩRy caused a larger decrease than Ry alone (P Ͻ 0.05). *P Ͻ 0.05; †P Ͻ 0.01; **P Ͻ 0.001.
ACs, but potentially with less Ca 2ϩ influx from a single stimulus or greater Ca 2ϩ buffering capacity so that the synapse requires multiple stimuli to trigger prolonged release. Our results suggest that this slow GABA release is due to a prolonged Ca 2ϩ signal in the GABAergic AC, triggered by the opening of L-type Ca 2ϩ channels and Ca 2ϩ release from intracellular stores. However, other mechanisms have also been suggested to control the time course of Ca 2ϩ signaling and neurotransmitter release from neurons.
A recent study, modeling Ca 2ϩ signals in neurons, showed that differing amounts of parvalbumin, a natural Ca 2ϩ buffer in neurons, can change the proportion of asynchronous release (Volman et al. 2011) . The authors suggested that this change could underlie changes in GABA activity that happen in disease states such as schizophrenia. In other neurons, altered levels of survival motor neuron protein increased the bulk Ca 2ϩ in the nerve terminals and significantly increased asynchronous release (Ruiz et al. 2010) . Other studies have suggested that asynchronous release uses a distinct Ca 2ϩ sensor for release, which has a higher affinity for Ca 2ϩ and slower kinetics (Geppert et al. 1994; Sudhof 2002 ) than the synchronous Ca 2ϩ sensor. Instead of synaptotagmin 1 or 2, which are the Ca 2ϩ sensors for synchronous neurotransmitter release (Geppert et al. 1994; Kochubey and Schneggenburger 2011; Nishiki and Augustine 2004) , asynchronous release has been suggested to use synaptotagmin 7 (Schonn et al. 2008; Wen et al. 2010) Functional role of slow GABA release in the retina. We have previously shown that the time course of GABA and glycine release underlying light-evoked inhibition varies between inputs mediated by GABA C , GABA A , and glycine receptors (Eggers and Lukasiewicz 2006b; Eggers et al. 2007) . The proportion of these inputs shapes the time course of inhibition (Eggers et al. 2007; Sagdullaev et al. 2006) , with slow GABA C R-mediated inputs shaping the decay time of inhibition and faster GABA A R-and glycine receptormediated inputs shaping the peak of inhibition. The retina is organized to transmit multiple parallel pathways of information to the rest of the visual system, an organization that starts at the BC level. The most basic level of retinal organization is the separation between the pathways responding to dim light sensed by rod photoreceptors (RBCs) and the offset (OFF cone BC) and onset (ON cone BC) of brighter light sensed by cone photoreceptors. These three pathways have distinct excitatory inputs from rods vs. cones (RBCs vs. cone BCs) and metabotropic glutamate receptor 6 (mGluR6) vs. AMPA/kainate receptors (ON cone BCs vs. OFF cone BCs) that affect the timing of the inputs (Ashmore and Copenhagen 1980; Copenhagen et al. 1983; Li and DeVries 2006; Schnapf and Copenhagen 1982) .
Several previous studies have shown that the proportions of the three inhibitory inputs vary between these pathways (Eggers et al. 2007; Sagdullaev et al. 2006) , with inputs onto GABA C Rs comprising the largest inhibitory inputs in RBCs, moderate in ON cone BCs, and least in OFF cone BCs. The proportion of GABA C R-mediated inhibition determines the timing of inhibition, potentially to match the timing of excitation to these pathways (Ashmore and Copenhagen 1980; Copenhagen et al. 1983; Eggers et al. 2007; Li and DeVries 2006; Schnapf and Copenhagen 1982) . Tuning the time course of neurotransmitter release is an adaptable way for the retina to tune the time course of inhibition. If other AC inhibition is similar to GABA release onto RBC GABA C Rs, then changing the time course of the Ca 2ϩ signal in the presynaptic AC would change the time course of GABA release. This could be done quickly by phosphorylating Ca 2ϩ channels (Peterson et al. 1999; Yue et al. 1990 ) or on a longer time course by changing the expression levels of Ca 2ϩ buffers or receptors for CICR. Additionally, several studies have shown that the short-term plasticity of GABA release onto BCs and glutamate release from BCs operate on distinct time scales that affect the signaling onto downstream GCs (Li et al. 2007; Sagdullaev et al. 2011) . Distinct mechanisms of release could function in this process, as well.
AC inhibitory inputs tune BC outputs, either directly on the BC axon terminal or on the dendrites of retinal GCs that receive BC output. BCs are nonspiking neurons that have a unique mechanism of neurotransmitter release, the ribbon synapse. The ribbon synapse is specialized for allowing the graded release of neurotransmitter over longer periods of time (Innocenti and Heidelberger 2008; von Gersdorff and Matthews 1997) , although it is also capable of very quick release (Singer and Diamond 2003) . Thus the slow release from retinal ACs may also be a mechanism to match the slow release from BCs.
